H erbicidal Action of P araquat, Dipyridylium Salts, Photosynthetic Electron Transport Inactivation, Redox Reactions of Cell-Free Systems T reatm ent of m icroalgae (B u m illerio p sis) with paraquat (l,l-dim ethyl-4,4-dipyridylium dichlo ride) under culture conditions in the light for 20 or 160 h leads to light-induced oxygen uptake and more or less severe chlorophyll bleaching, which is accompanied by formation of malondialdehyde. T he ratio of chlorophyll to packed chloroplast volume remains about the same as that of the control, presum ably indicating destruction of m em branes concurrently with pigments. U nre lated to retardation of growth, degree of bleaching o r to the formation of m alondialdehyde quite a uniform degree of inactivation ( « 50%) of partial redox reactions is observed in the region of photosystem II and I except for the term inal p a rt of photosystem I (pigment 700 -> NADP+) .
Introduction
Dipyridylium salts, like paraquat (1,1-dimethyl-4 ,^dipyridylium dichloride) can be reduced by photosystem I [1 -3] or by dark processes like N A DPH oxidation via suitable reductases (e . g. [4, 5 ] ) leading to cationic radicals [6 , 7 ] . Since the phytotoxic effects of the dipydridyls are exerted mainly in the presence of oxygen [7 ,9 ] it is assumed that the reaction products of the cationic radical with oxygen are the phytotoxic species (see [ Therefore, this study was undertaken to provide more information on photosynthetic electron trans port activity after exposure of the intact cell to a herbicidal dipyridylium salt. In cell free systems, partial photosynthetic redox reactions after a short-term cultivation (18 to 2 0 h) were compared with those observed after long-term cultivation (160 h) in the presence of paraquat in order to find differen ces due to the duration of herbicide application. The xanthophycean alga Bum illeriopsis was used in these experiments, since ( 1 ) the herbicide dosage to microalgae is easily reproducible, (2 ) this in vestigation is focused on dipyridyl effects to the photosynthetic apparatus only, (3) isolated chloro plasts from this species are suitable for measure ment of electron transport reactions, and (4) this alga is also used for investigations on other herbicidal substances whose effects should eventually be compared (see e. g. [ 2 5 ] ) . 
M aterials and Methods

Bum illeriopsis filiform is
Chemicals
All buffers and reagents for assays were pur chased either from Serva, Heidelberg, or Sigma, München, unless m entioned otherwise in the list of abbreviations. DAD and DCMU were re-crystallized twice before use. Chemicals, pro analysi, for algae cultures were from Merck AG, Darmstadt.
Results and D iscussion
Fig. 1 indicates that paraquat rapidly decreases photosynthetic oxygen evolution giving rise to a light-induced oxygen uptake. Dark oxygen uptake was not substantially affected with any of the three concentrations used (it decreased somewhat when the application time was at least twice as lo n g ). These data confirm earlier reports with Chlorella [2 4 ] indicating a strong effect of paraquat concen tration on the decrease of oxygen evolution. The curves point out that for our purposes the herbicide concentration applied has to be rather low to ensure a period of apparent, albeit reduced photo synthesis and some growth and cell development during paraquat treatment. All three concentrations used here eventually cause a light-induced oxygen uptake of about the same rate, close to the value of dark respiration. During exposure of cells to para quat a substantial accumulation of the herbicide inside the cells did not occur. (This was determined by applying the culture medium again to normally grown cells.) It is assumed from these cellular data that simple electron deviation during photosyn thetic electron transport (giving rise to lightinduced oxygen uptake) cannot be the only action of paraquat. Otherwise the rate of oxygen uptake should at least be different between lower para quat concentrations. This can be concluded from light-induced 0 2 uptake performed with isolated chloroplasts according to Nr. 2 of Table II, Incubation tim e in m inutes Fig. 1 . Photosynthetic oxygen evolution, respira tion and development of light-induced oxygen uptake of B um illeriopsis cells under the influ ence of paraquat in the light. Chlorophyll/cell: l.lX .1 0~5 «g. Light intensity 5000 lux. 500-ml samples were exposed to paraquat in Fernbach vessels under culture conditions. In the light, incubation of cells with the herbicide favours the rapid appearence of oxygen uptake. In the dark, cells have to be exposed to the dipyridyl (e. g. 50 jum) about 10 times longer than in the light in order to exhibit the same rate of oxygen uptake. As not documented here, this is not due to a slower paraquat uptake but appears to be related to distribution processes of the herbicide in the cell (comp. [31] for translocation effects in higher p la n ts). This problem has to be pursued in a separate investigation.
After paraquat application for 1 -2 h no in fluence on electron transport capacity can be seen. This means that neither the rate of light-induced 0 2 uptake with intact cells (in the presence of 1 m M cyanide) nor the 0 2 uptake of the cell-free system is impaired. Under prolonged paraquat influence, however, the decrease of cellular light-induced oxygen uptake as shown in Fig. 2 is apparently due to a decrease of photosynthetic electron transport activity. In the following, this is documented in some detail. Table I presents cellular data measured after short-term and long-term application of paraquat under culture conditions. In both sets of experi ments a certain growth (which takes place at start of cultivation) is evident. Although the concentra tions of paraquat used here were much lower than in the experiments of Figs. 1 or 2, a similar Table I .
Details of cell-free assays (see also "M ethods" ) :
The reaction medium contained in mM unless m entioned otherw ise: Hepes-NaOH, pH 7.8, 50; sorbitol, 600; MgCl2 , 5; K2H P 0 4 , 10; B u m illeriopsis chloroplasts equivalent to 20 -3 0 //g of chlorophyll/m l were added immediately before each assay. Gas phase: air. In all cases light-induced oxygen uptake was m easured at the Clark electrode [28] to (4) : Reaction m edium : Hepes-NaOH, pH 8.0, 50 mM; sucrose, 60 mM; M gCl2, 2; SiMo, 0.3 m g/m l; B um illeriopsis chlo roplast m aterial isolated according to [27] . DCMU, 0.25 -0.5 ju m . H ighly coupled C-type chloroplasts prepared after [29] and assayed in the general reaction m edium (see above) exhibited stronger DCMU, inhibition of the H20 -> SiMo system suggesting (partial) reduction of SiMo at photosystem I;
to ( The data show that P 7 0 0 and the reducing side of photosystem I are not affected by paraquat treatment of the cell, but apparently all partial reactions of the other regions of the photosynthe tic redox chain were influenced. The same degree of inactivation of reactions using either water or reduced DAD as electron donor indicates that the overall integrity of the membrane system or of the redox chain complex, respectively, has been dis turbed. Further, it is evident that an advanced lipid peroxidation -as in the long-term paraquat treatment -has no bearing on the degree of the electron transport inactivation. However, the activi ty of the redox chain may nevertheless be due to a small but decisive part of the membrane lipids, whose deterioration does not show up quantitati vely in MDA formation.
It appears that paraquat-mediated breakdown or inactivation of membrane components is a fast process which is not followed by a chain of slower secondary effects on other photosynthetic reactions. Otherwise the short-term experiment should not have shown the same inactivation pattern as that of the long-term paraquat treatment.
When pigment bleaching is involved in herbicide attack the reliability of chlorophyll as a reference has to be checked. However, the ratios of chloro phyll to packed chloroplast volume were found constant (N o. 1 of Table II ) and had the same value as the controls. We tentatively assume that these determinations indicate the amount of thy lakoid material present. So, our data point to an additional effect of paraquat treatment, namely an apparent breakdown of thylakoid material together with a distinct amount of pigments, leaving con stant the ratio of chlorophyll to packed chloroplast volume. Consequently, chlorophyll can be taken as a suitable reference to compare activities of cell-free systems. With certain concentrations, chlorophyll may be bleached without concurrent attack of the redox system leading to an increase of rates of photosynthtic redox reactions when referred to chloro phyll. Then, the rates of the cell-free systems may be raised as much as the cellular chlorophyll content is lowered. In constrast to paraquat, these herbicides apparently act more specifically on the (plastidic) pigment inventory only.
